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w Navigat ion range errors spanning k 3 7 0 0  fee t  are 
o eva lua ted  f o r  t h e i r  e f f e c t  on t h e  LM d e s c e n t  t r a j e c t o r y  and 

on t h e  Landing P o i n t  Designator ( L P D ) .  Comparisons a r e  
made of cases bo th  w i t h  and wi thout  a LM guidance computer 
l u r a i n  model, and w i t h  and wi thout  l and ing  s i te  redes igna-  
t i o n s  back t o  t h e  ' a  p r i o r i '  p r e s e l e c t e d  s i t e .  

For t h e  L i t t r o w  approach, t h e  a d d i t i o n  of a l u r a i n  
model g r e a t l y  reduces  l u r a i n  induced t r a j e c t o r y  pe r tu rba -  
t i o n s .  A simple f i v e  segment model b r i n g s  t h e  t r a j e c t o r y  
p r o f i l e  very  near  t h e  des ign  shape. 

The LPD system accuracy i s  s i g n i f i c a n t l y  improved 
by t h e  u s e  of a l u r a i n  model, Th i s  i s  t r u e  even i n  t h e  
presence  of l a r g e  n a v i g a t i o n  range  errors. The use  of a 
l u r a i n  model should reduce unnecessary LPD a c t i v i t y  by 
bet ter  i n d i c a t i n g  t h e  a c t u a l  l and ing  s i te  t o  t h e  LM p i l o t .  
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INTRODUCTION 

Th i s  s t u d y  w a s  performed t o  e v a l u a t e  t h e  e f f e c t s  
of n a v i g a t i o n  range  e r r o r s  when t h e  Lunar Module Guidance 
Computer (LGC) u s e s  a l u r a i n  model. Any n a v i g a t i o n  error 
leads d i r e c t l y  t o  a l u r a i n  model / lura in  mismatch. Th i s  
i nduces  errors i n  t h e  LGC es t imate  of a l t i t u d e  above t h e  
l a n d i n g  s i te ,  which i s  t h e n  propagated i n t o  a l l  re la ted 
c a l c u l a t i o n s .  

The d a t a  used f o r  t h i s  s t u d y  w a s  g e n e r a t e d  u s i n g  
t h e  Bellcomm Powered F l i g h t  Performance S imula t ion  (PFPS) 
computer program. The l u r a i n  p r o f i l e  f o r  L i t t r o w  w a s  t a k e n  
from Reference 1. 

PROCEDURE 

The LGC l u r a i n  model used w a s  c o n s t r u c t e d  of  f i v e  
s t r a i g h t - l i n e  segments and was implemented i n  t h e  s i m u l a t i o n  
as i t  w i l l  b e  i n  t h e  LGC as s p e c i f i e d  i n  Reference 2. I n t e -  
g r a t e d  PFPS t r a j e c t o r i e s  w i t h  a n  LGC l u r a i n  model w e r e  f lown 
f o r  a t o t a l  of 1 4  cases. I n  each  of t h e  f i r s t  seven  cases, 
t h e  i n i t i a l  downrange n a v i g a t i o n  error W a s  a l lowed t o  
p e r s i s t  t o  touchdown. I n  t h e  second group of seven  cases, t h e  
s a m e  i n i t i a l  n a v i g a t i o n  e r r o r s  w e r e  compensated f o r  by t h e  
s i m u l a t i o n  of c r e w  i n p u t  Landing P o i n t  Des igna tor  (LPD) p u l s e s .  
The p u l s e s  w e r e  c a l c u l a t e d  du r ing  t h e  s i m u l a t i o n  and are based 
on t h e  a n g u l a r  v e r t i c a l  s e p a r a t i o n  between t h e  pre-miss ion  
s e l e c t e d  ( ' a  p r i o r i ' )  l and ing  s i t e  (such  a s  t h e  Surveyor 
s p a c e c r a f t  on Apollo 1 2 )  and t h a t  i n d i c a t e d  by t h e  LGC through 
t h e  Disp lay  and Keyboard (DSKY) r eadou t  f o r  t h e  LPD scale on 
t h e  LM window. Th i s  a n g u l a r  s e p a r a t i o n  i s  a f u n c t i o n  of  t h e  
n a v i g a t i o n  error and of  t h e  d i f f e r e n c e  between t h e  a c t u a l  and 
LGC a l t i t u d e ,  s i n c e  a l t i t u d e  errors  g e n e r a t e  LPD e r r o r s .  The 
a l t i t u d e  e r r o r  i s  caused  by t h r e e  f a c t o r s :  1) a mismatch of  
t h e  LGC l u r a i n  model and t h e  a c t u a l  l u r a i n  due t o  n a v i g a t i o n  
r ange  e r r o r s ,  2 )  t h e  difference between t h e  l u r a i n  model 
and t h e  l u r a i n  when t h e r e  i s  no range  mismatch, 3 )  and, t h e  
t i m e  d e l a y s  due t o  t h e  r a d a r  weight ing  f u n c t i o n .  
v e r t i c a l  s e p a r a t i o n  i s  t r u n c a t e d  t o  t h e  n e a r e s t  one-half  
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degree  t o  match t h e  LPD p u l s e  s i z e .  I n  t h i s  a n a l y s i s  p u l s e s  are 
i n h i b i t e d  when t h e  LGC e s t ima te  of a l t i t u d e  i s  over  4000  f t  and 
a l so  when t h e  t i m e  l e f t  i n  the V i s i b i l i t y  Phase i s  less t h a n  
20  seconds.  The 4 0 0 0  f t  a l t i t u d e  r e s t r i c t i o n  p rov ides  a real- 
i s t i c  " c r e w  s i t u a t i o n  a p p r a i s a l  d e l a y "  of abou t  2 8  seconds from 
a 7000  f t  high-ga te  a l t i t u d e .  The c u r r e n t  LGC Software does  
n o t  pe rmi t  LPD p u l s e s  w i t h i n  20  seconds of t h e  au tomat ic  swi t ch  
from t h e  V i s i b i l i t y  Phase t o  t h e  l and ing  phase.  Thus, t h e  LPD 
i s  i n o p e r a t i v e  from an  a l t i t u d e  of about  200  f t  t o  touchdown 
on a n  au tomat i c  d e s c e n t .  (Of cou r se ,  t h e  c r e w  nominally t a k e s  
over  c o n t r o l  manually a t  about 500  f t  a l t i t u d e . )  

I t  i s  impor tan t  t o  know t h a t  t h e  l u r a i n  model i s  
r e f e r e n c e d  t o  t h e  p o i n t  t h e  LGC i s  t r y i n g  t o  reach .  If LPD 
c o r r e c t i o n s  are made which move t h e  t a r g e t  uprange or down- 
range ,  t h e  t e r r a i n  model moves wi th  t h e  t a r g e t .  This  i s  
d e s i r a b l e  i f  t h e  LPD i s  used  t o  r each  t h e  'a p r i o r i '  s i t e ,  
b u t  n o t  d e s i r a b l e  i f  t h e  p i l o t  abandons t h a t  s i t e  f o r  ano the r  
some d i s t a n c e  away. T o  h e l p  overcome t h i s  problem, t h e  MSC 
Software Conf igu ra t ion  C o n t r o l  Board i s  p r e s e n t l y  cons ide r ing  
t h e  v a l u e  of d e l e t i n g  t h e  l u r a i n  model e n t i r e l y  when t h e  
l and ing  phase ( P 6 6 )  i s  en tered  from t h e  V i s i b i l i t y  Phase ( P 6 4 ) .  

DISCUSSION 

F igure  1 i s  a t r a j e c t o r y  p r o f i l e  which i l l u s t r a t e s  
t h e  error i n  t h e  LGC e s t ima te  of p o s i t i o n  induced by radar 
updates  when t h e r e  i s  no LGC l u r a i n  model. F igu re  2 c l e a r l y  
shows t h e  improvement of t h e  LGC estimate of p o s i t i o n  when a 
l u r a i n  model i s  used. (This  case has  no n a v i g a t i o n  range  
error.) But of g r e a t e r  importance i s  t h e  change i n  t h e  a c t u a l  
p o s i t i o n  trace induced by the  i n c l u s i o n  of t h e  l u r a i n  model. 
The  t r a j e c t o r y  i s  now much c l o s e r  t o  t h e  d e s i g n  p r o f i l e  
because of t h e  r e d u c t i o n  of a l t i t u d e  ( r e l a t i v e  t o  t h e  l and ing  
s i te )  errors from t h e  landing r a d a r  updates .  Another impor t an t  
c o n s i d e r a t i o n  i s  t h e  amount of LPD a c t i v i t y  l i k e l y  t o  occur  
i n  t h e s e  two cases .  Without a l u r a i n  model, even wi th  no 
n a v i g a t i o n  e r r o r s ,  t h e  c r e w  sees  t h e  d e s i r e d  l and ing  s i t e  a t  
a d i f f e r e n t  s p o t  t han  t h e  LPD i n d i c a t e s  and w i l l  be  tempted t o  
r e d e s i g n a t e  (as  occurred  on  Apollo 1 2 ) .  With t h e  l u r a i n  model, 
t h e  d i s t a n c e  i s  reduced and, t h e r e f o r e ,  unnecessary LPD a c t i v i t y  
should be  reduced s i g n i f i c a n t l y .  

The fami ly  of V i s i b i l i t y  Phase t r a j e c t o r y  p r o f i l e s  
i n  F i g u r e  3 shows t h e  e f f e c t  of uncor rec t ed  n a v i g a t i o n  errors 
of 51200 f t ,  k2400 f t ,  and k3700 f t . *  The droop i n  t h e  p r o f i l e s  

* 
The c u r r e n t  3a touchdown d i s p e r s i o n  e l l i p s e  has  a down- 

range  semiaxis  of about  3200 f t .  
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of t h o s e  c a s e s  l and ing  s h o r t  is induced by t h e  r a d a r  sensed 
l u r a i n  be ing  a m i s m a t c h  t o  the  LGC l u r a i n  model which i s  
indexed t o  t h e  guidance coord ina te  frame c e n t e r e d  a t  t h e  
a c t u a l  l and ing  s i t e  i n  each case.  T h i s  droop could cause  
s i t e  wash-out i f  t h e  sun angle  i s  nea r  9' whereas on a nominal 
d e s c e n t ,  wash-out i s  n o t  severe u n t i l  t h e  sun e l e v a t i o n  i s  
nea r  13'. 

Figure  4 shows t h e  fami ly  of p r o f i l e s  f o r  t h e  same 
n a v i g a t i o n  range  errors as before ,  b u t  w i th  LPD r e d e s i g n a t i o n  
du r ing  t h e  V i s i b i l i t y  Phase,  back t o  t h e  ' a  p r i o r i '  s i t e .  
The LGC l u r a i n  model i s  shown indexed t o  t h e  s i te ,  as i t  
would be a f t e r  t h e  LPD r e d e s i g n a t i o n .  The v e r y  pronounced 
t r a j e c t o r y  droop f o r  t h e  p o s i t i v e  range e r r o r  c a s e s  i s  caused 
by t h e  LPD " long" r e d e s i g n a t i o n s  r e q u i r e d .  Wash-out could 
occur  a t  sun a n g l e s  near  6 O  f o r  t h e  case when LPD p u l s e s  t o t a l i n g  
3700 f t  down range are entered .  The AV used t o  r e d e s i g n a t e  
back t o  t h e  o r i g i n a l  s i t e  was i n  a l l  cases less than  75 f p s .  

On t h e  remaining graphs,  a l l  c u r v e s  wi th  t h e  p r e f i x  N 
are cases  where an LGC l u r a i n  model w a s  n o t  used,  aricr a l l  curves  
w i t h  t h e  s u f f i x  A are cases w h e r e  t h e  LPD was used t o  r e d e s i g -  
n a t e  back t o  t h e  ' a  p r i o r i '  l anding  s i te .  F igu res  5 ,  6 and 
7 a r e  p l o t s  of t h e  LGC c a l c u l a t e d  LPD ang le  a g a i n s t  V i s i b i l i t y  
Phase t i m e .  F igu re  5 shows t h e  e f f e c t  on t h e  LPD ang le  of 
changing t h e  LGC estimate of p o s i t i o n  p r o f i l e  by adding t h e  
l u r a i n  model, w i th  no nav iga t ion  range  e r r o r s ,  a s  shown i n  
F igu res  1 and 2.  F igu re  6 shows t h e  LPD a n g l e  t i m e  h i s t o r y  f o r  
t h e  c a s e s  where t h e  naviga t ion  range  e r r o r  i s  +3700 f t  ( p l u s  
i n d i c a t e s  t h e  L M  would l and  shor t  of t h e  d e s i r e d  landing  s i t e  
i f  un redes igna ted ) .  The curves 3700A and N+3700A are f o r  t h e  
cases where LPD p u l s e s  are used t o  move t h e  landing  p o i n t  down- 
range  t o  t h e  ' a  p r i o r i '  s i t e  and hence correct f o r  t h e  navi- 
g a t i o n  error. The d i p  a t  about 6 0  seconds i n  curve N+3700 
(no LGC l u r a i n  model) i s  a l u r a i n  e f f e c t ,  t h e  i r r e g u l a r i t y  
of N+3700A i s  t h e  lurain/LPD i n t e r a c t i o n  e f f e c t .  F igu re  7 
shows t h e  pronounced e f f e c t  on t h e  LPD ang le  of a -3700 f t  
n a v i g a t i o n  error. The curves marked -3700 and N-3700 are 
f o r  t h e  cases where t h e  LM lands 3700 f t  downrange of t h e  
' a  p r i o r i '  s i te .  The curves  -3700A and N-3700A are f o r  t h e  
c a s e s  where t h e  LPD i s  used t o  r e d e s i g n a t e  uprange back t o  t h e  
d e s i r e d  l and ing  p o i n t .  T h e  danger of uprange r e d e s i g n a t i o n s  
caus ing  lo s s  of s i g h t  of t h e  s i t e  i s  very  appa ren t  when t h e  
l i n e - o f - s i g h t  c a l c u l a t e d  by t h e  LGC i s  ve ry  near  t h e  bottom 
of t h e  L M  window (as shown i n  F ig .  7). S i t e  v i s i b i l i t y  t i m e  
i s  markedly reduced by t h e  uprange r e d e s i g n a t i o n s .  
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Another problem caused by LGC a l t i t u d e  e r r o r s  r e l a t i v e  
t o  t h e  a c t u a l  l a n d i n g  s i t e ,  is t h a t  t h e  LPD i n d i c a t e d  s i te  i s  n o t  
t h e  p o i n t  t o  which t h e  guidance computer i s  f l y i n g  t h e  LM. 
Thus t h e  p i l o t  i s  led t o  a s s e s s  t h e  wrong area, which o n l y  
g r a d u a l l y  moves t o  t h e  LGC t a r g e t .  The q u a n t i t y  "DIST" i s  computea 
i n  t h e  s i m u l a t i o n  as t h e  luna r  s u r f a c e  d i s t a n c e  between t h e s e  
t w o  p o i n t s ,  and F i g u r e s  8, 9 and 10 p r e s e n t  d a t a  on "DIST" vs .  
t i m e  f o r  t h e  cases cor responding  t o  F i g u r e s  5 ,  6 and 7 r e s p e c t i v e l y .  
(If t h e  LPD i n d i c a t e s  a p o i n t  downrange of t h e  LGC t a r g e t e d  
s p o t ,  "DIST" i s  n e g a t i v e .  ) 

F i g u r e  8 shows t h e  advantage of u s i n g  a l u r a i n  model 
f o r  L i t t r o w .  T h i s  case i s  f o r  z e r o  n a v i g a t i o n  r ange  error, and 
shows t h e  ove r  t e n - f o l d  r e d u c t i o n  i n  t h e  maximum v a l u e  of DIST 
under  t h e s e  c o n d i t i o n s .  F i g u r e s  9 and 1 0  show t h e  t i m e  h i s t o r i e s  
of DIST f o r  +3700 f t  nav iga t ion  r ange  e r r o r s ,  w i t h  and w i t h o u t  
LPD r e t u r n  t o  t h e  ' a  p r i o r i '  s i t e .  Even w i t h  t h e s e  i n i t i a l  
p o s i t i o n  e r r o r s ,  t h e  v a l u e  of DIST i s  reduced s i g n i f i c a n t l y  by 
t h e  i n c l u s i o n  of a l u r a i n  model. 

Very c l o s e l y  r e l a t e d  t o  t h e  DIST p l o t s  are F i g u r e s  11, 
1 2  and 1 3  which show t h e  cor responding  e r r o r  i n  t h e  LGC LPD 
a n g l e  (ERRLPD).  Th i s  e r r o r  is computed as t h e  a n g l e  between 
t h e  LPD l i n e - o f - s i g h t  and t h e  l i n e  connec t ing  t h e  LM t o  t h e  
c u r r e n t  LGC guidance l a n d i n g  s i te .  

F i g u r e  11 compares ERRLPD f o r  t h e  cases where a l u r a i n  
model i s  n o t  used a g a i n s t  one where it i s  used  w i t h  no naviga- 
t i o n  range  e r r o r .  I n  t h e  former,  a 2.86' e r r o r  i s  reached  e a r l y  
i n  t h e  V i s i b i l i t y  Phase where it cor responds  t o  a 4133 f t  v a l u e  
of DIST. The case where a l u r a i n  model i s  used  r e a c h e s  a n  
ERRLPD v a l u e  of -1.32' l a t e  i n  t h e  phase ,  cor responding  t o  a 
D I S T  of - 1 1 2  f t .  Th i s  i s  caused by a mismodel l ing of  t h e  
l u r a i n .  

F i g u r e s  1 2  and 1 3  show t h e  t i m e  h i s t o r i e s  of ERRLPD 
f o r  t h e  t 3 7 0 0  range  error cases. Where t h e  LPD i s  used t o  
r e t u r n  t o  t h e  ' a  p r i o r i '  s i t e ,  t h e  cu rves  n a t u r a l l y  converge on t h e  
"no n a v i g a t i o n  range  e r r o r "  cases  of F i g u r e  11. A comparison 
of t h e  L3700  curves  of F igu res  1 2  and 1 3  shows t h e  e f f e c t  on 
ERRLPD of l and ing  a t  d i s p l a c e d  s i tes ,  which induces  a l t i t u d e  
errors. 

The importance of e f f e c t s  which occur  below a l t i t u d e s  
of 500  f t  should  be  eva lua ted  i n  l i g h t  of t h e  p r o b a b i l i t y  t h a t  
t h e  a s t r o n a u t s  w i l l  manually t a k e  ove r  c o n t r o l  a t  around t h a t  
a l t i t u d e .  
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The LM p i t c h  p r o f i l e s  are r e l a t i v e l y  i n s e n s i t i v e  t o  
n a v i g a t i o n  r ange  e r r o r s  du r ing  t h e  b r a k i n g  phase.  The p r i n c i p a l  
p e r t u r b i n g  e f f e c t  i n  t h e  V i s i b i l i t y  Phase i s  u s e  of t h e  LPD 
t o  correct t h e  n a v i g a t i o n  e r r o r s .  The " s h o r t "  r e d e s i g n a t i o n  
needed w i t h  a -3700 f t  n a v i g a t i o n  error c a u s e s  a maximum 
pi tch-back  of 1 0 "  from nominal. The ' ' long" r e d e s i g n a t i o n  t o  
c o r r e c t  f o r  a +3700 f t  error causes  a p i tch- forward  of 7 "  
from t h e  nominal a t t i t u d e .  Both t h e s e  maximums occur  about  
7 seconds a f t e r  t h e  f i r s t  LPD p u l s e s  are i n p u t .  

CONCLUSIONS 

For t h e  approach t o  t h e  L i t t r o w  l a n d i n g  s i t e ,  t h e  
l u r a i n  p r o f i l e  i nduces  c o n s i d e r a b l e  t r a j e c t o r y  p e r t u r b a t i o n  i f  
n o t  modeled i n  t h e  LGC. Using a s imple  f i v e  p o i n t  l u r a i n  
model r e t u r n s  t h e  t r a j e c t o r y  p r o f i l e  t o  e s s e n t i a l l y  t h e  d e s i g n  
shape.  

A p o s i t i v e  n a v i g a t i o n  r ange  error,  which causes  a 
" s h o r t "  l and ing ,  i nduces  t r a j e c t o r y  droop.  Th i s  s i t u a t i o n  i s  
aggrava ted  c o n s i d e r a b l y  i f  ' 'long" LPD r e d e s i g n a t i o n s  are used 
t o  r e t u r n  t h e  LM t o  t h e  ' a  p r i o r i '  s i te .  

Negat ive  r ange  e r r o r s  do n o t  produce major u n d e s i r a b l e  
e f f e c t s  on t h e  t r a j e c t o r y  shape,  b u t  t h e y  do s h o r t e n  s i te  
v i s i b i l i t y  t i m e .  The LPD ang le  i s  a d v e r s e l y  a f f e c t e d  by 
n e g a t i v e  range  e r r o r s  and could cause  loss of s i g h t  t o  t h e  
s i t e  i f  t h e  range  e r r o r  i s  more than  -3700 f t .  

The LPD system accuracy i s  c o n s i d e r a b l y  improved by 
t h e  u s e  of a LM l u r a i n  model even when l a r g e  n a v i g a t i o n  range  
errors e x i s t .  A s  a r e s u l t ,  unnecessary LPD a c t i v i t y  should b e  
reduced s i g n i f i c a n t l y .  

Based on t h e  c r i t e r i a  e v a l u a t e d ,  t h e  b e n e f i c i a l  
e f f e c t s  of u s i n g  a LGC l u r a i n  model are n o t  negated even when 
n a v i g a t i o n  e r r o r s  as g r e a t  as +3700 f t  e x i s t .  Th i s  conc lus ion  
i s  s p e c i f i c a l l y  fo r  t h e  L i t t row approach,  and should  n o t  b e  
g e n e r a l i z e d  t o  o t h e r  l and ing  s i tes  w i t h o u t  f u r t h e r  e v a l u a t i o n ,  
s i n c e  r e s u l t s  are dependent  on t h e  s p e c i f i c  l u r a i n  p r o f i l e  used. 

2014-FL-bsb F. LaPiana 
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